Density functional calculations of the adsorption of ethynylbenzene on the Au(111) surface show that, after cleavage of the C-H bond, the terminal carbon makes a strong covalent bond to the surface. The bond energy is shown to be about 70 kcal.mol -1 with the fcc hollow site being most stable and the molecule oriented perpendicular to the surface. Adsorption without elimination of hydrogen is also possible via a hydrogen 1-2 shift to form a vinylidene surface-bound species, or opening of the C-C triple bond and adsorption through the two carbon atoms in a flat conformation. The reaction energy for formation of the surface-bound vinylidene is estimated to be 5 kcal.mol -1 exothermic relative to the isolated ethynylbenzene and gold substrate.
Introduction
Self-assembled monolayers (SAMs) have taken a central role in nanoscience and technology. They are generally easy to prepare on a range of surfaces more or less independent of size and shape. General reviews of the field have been published by Ulman. 
Method
Calculations were performed using the SIESTA software package. 10, 11 This is a density functional, pseudopotential code with periodic boundary conditions. Atom centred basis sets describe the valence electrons. We have used the counterpoise method of Boys and
The gold substrate is modelled using a multilayer slab (3, 4 or 7 layers) with 3x3 atoms in each layer. The lattice parameter is from an optimisation of bulk gold performed at the same computational level. The intermolecular spacing is greater than 0.5 nm with negligible intermolecular interaction, in other words we are simulating single molecule adsorption.
Calculations have been performed step-wise at increasing levels of accuracy (see supporting information section S2). Survey calculations where a rigid molecule is scanned at fixed height across a rigid 3 layer slab allow the adsorption sites to be identified. Full geometry optimisations of the molecule, and subsequent optimisations of the molecule and surface layer of the slab were then performed for the adsorption sites on a 4 layer slab at an intermediate level. Final energies are then calculated at a high level without further optimization on a 7 layer slab. With respect to the computational parameters and the 7 layer slab used in the high level calculations, interaction energies are converged to better than 1 kcal.mol -1 .
The small number of Gaussian calculations were carried out using the PBE correlationexchange functional and 6-31G** basis sets on all but the Au atoms where a LanL2DZ basis was used. In the case of absorbed species the gold surface was represented by a cluster of 9 atoms in the surface layer and 4 or 5 atoms in the second layer. Optimised geometries from the SIESTA calculations were used with no re-optimisation. In all other instances structures were geometry optimised in Gaussian.
Results and Discussion
In this paper, we consider adsorption processes where the product is a surface bound molecule in the configuration shown in Figure 2 (a), where the terminal hydrogen (or proton) has been eliminated. There are a number of possible routes that can lead to this final product. The most direct is homo-or heterolytic cleavage of the C-H bond followed by adsorption of the radical or anion. Intermediate surface bound states are also possible.
Reactions of metals with ethynylbenzene can proceed via a 1,2 hydrogen shift to form metal vinylidenes. 21 The configuration of the corresponding surface-bound vinylidene is shown in Figure 2 (b). The third possibility is via a π-interaction through both carbon atoms to give the flat geometry shown in Fig 2(c) . The reaction could then proceed by C-H bond cleavage (or deprotonation) to give the product shown in Fig 2(a) . 
Single Molecule-Surface Interaction Energies
We first discuss the energetics and nature of the interaction for the configuration in Figure 3 (b). The two hollow sites differ, the hcp site has a second layer Au atom directly below it whereas the fcc site does not. The latter has a third layer atom directly below. . Figure 3 suggests that the hcp and fcc are the most likely binding sites. However, the bridge and atop sites cannot be ruled out entirely. Consequently, structure optimisations were performed starting from all four sites.
Interaction energies for the four sites are given in Table 1 .
The single largest source of error in these calculations is BSSE. The uncorrected energies are 10% larger than those in Table 1 . For all four sites the radical stands perpendicular to the surface in the optimised geometry. This geometry is, however, a shallow minimum in the total energy curve with respect to tilting the radical relative to the surface as can be seen in Figure 4 . In this figure the total energy is plotted as the entire radical is rotated about the terminal carbon atom from a perpendicular orientation to one where it is lying flat on the surface. In one case the radical is rotated so that the phenyl ring becomes flat on the surface, and in the other it ends up perpendicular to the surface. The geometry of the radical itself and distance of terminal carbon above the surface are held fixed during the rotation. The total energy does not change by more than 2 kcal.mol -1 until the tilt angle reaches 50 degrees.
To characterize the nature of the bond in the adsorbed radical, a comparison is made with the gas phase ethynylbenzene molecule and the PH 3 -Au-ethynylbenzene complex.
The terminal C-H bond in ethynylbenzene is expected to be quite covalent. Bond lengths and mulliken populations for surface-bound ethynylbenzene in the fcc site, ethynylbenzene, and the PH 3 -Au-ethynylbenzene complex have been calculated and are given in Table 2 . For the surface bound species, three values are given for the C-Au bond and overlaps corresponding to the three bonds with the nearest surface Au atoms.
Overlap populations with all other gold atoms are negligible in this case. ). The calculated C≡C and C-Au bond lengths for the gold complex agree to within about 5% with experimental values determined by x-ray crystallography. 22 The C ≡C bond length is similar in all three cases. The decrease in C-Au (C-H for the molecule) bond length across the table is perhaps misleading as the height of the surface bound species above the gold surface is only 1.32 Å. From the bond lengths it is difficult to determine any difference in the bonds of the three species. The Mulliken charges of the -C≡C-phenyl fragment and overlap populations are more conclusive and indicate that the surface bound species forms a covalent bond with the surface. The mulliken charge is relatively small and total overlap population with the three surface gold atoms relatively large. This is also the case for the C-H bond in the molecule, whereas the complex shows a more polar bond. . The minimum occurs with the two adsorbing carbon atoms positioned above two surface atoms, as shown in Fig 2(c) . Geometry optimisations from a number of starting configurations all converge to this same optimum geometry. Interaction energies calculated in the same manner as detailed in Section 3.1 are given in Table 3 . The molecule/radical forms a strong bond to the surface in all three configurations. This is in contrast to thiol molecules where the interaction is weaker if the terminal hydrogen is not removed. The overall energies given in Table 3 are energies of the surface bound molecule/radical relative to the energies of the isolated molecule plus gold slab in their relaxed geometries. Importantly, despite the large geometry change the overall reaction energy from a "gas phase ethynylbenzene molecule plus gold slab" to a surface-bound species is energetically favourable for the vinylidene configuration (5.6 kcal.mol , while large multiconfiguration calculations are required to approach the experimental value. In our calculations, employing pseudopotentials, we might expect bonds involving hydrogen atoms, which have small bond lengths, to be problematic despite our care in ensuring the pseudopotential cutoff radii are appropriate. We expect this problem not to be so troublesome with the longer C-Au bonds calculated in this work.
Formation of the surface-bound radical could proceed via deprotonation as well as homolytic C-H bond cleavage. The former is unlikely for direct adsorption since the pKa for this molecule is around 30. However, metal complexes with ethynylbenzene can be prepared through deprotonation of the corresponding vinylidene 21 , and examples of ruthenium and osmium vinylidene complexes have been isolated. 21 Consequently energies for reactions (1) and (2) Table 4 . Reaction energies for reactions (1) and (2) and C-H bond and deprotonation energies. Reaction (2) includes the proton solvation energy in water.
The energies shown in this table are rather approximate for reasons described above.
However, the trend in the calculated C-H bond energies for ethynylbenzene and the vinylidene is consistent with the trend in experimental C-H bond energies for acetylene ). 24 Reaction energies for (1) and (2) 
SAM Formation
We do not address the question of SAM formation through direct calculation as this requires a model that can predict dispersion forces. However, insights based upon the results of the calculations presented above, together with work by others, can be used to assess the potential of ethynylbenzene to form SAMs.
SAM formation depends sensitively on the balance between headgroup-substrate interaction and tail-tail interactions. The molecule must be bound to the surface yet sufficiently mobile to self-assemble under the driving force of the tail-tail interactions.
The assembling force for ethynylbenzene will be π−π interactions between the phenyl rings. Despite the strength of the interaction with gold, the ethynylbenzene radical is quite mobile along the hcp-bridge-fcc path (see figure 2) , with a diffusion barrier of only a few kcal.mol -1 . Similar diffusion paths and barriers have been found for thiol radicals on Au(111) 23 . Hence, it might be expected that the π−π interactions between the tail groups of ethynylbenzene are sufficient to drive self-assembly and that the most likely structure to form is the same as the analogous thiol SAM.
The most commonly reported overlayer structure for thiol-bound molecules absorbed on Au (111) is √3x√3R30 where the intermolecular spacing is 4.97 Å.
2,3
The short ethynylbenzene molecule cannot pack in this structure and optimise the π−π interactions in the OFF configuration. Longer molecules can tilt relative to the surface to reduce the tail-tail distance. By forming a herringbone pattern in the √3x√3R30 configuration as shown in Figure 6 , molecules upright on the surface will be at the optimum distance for the EF configuration. This overlayer structure has also been suggested for aromatic thiol SAMs on gold surfaces.
30
Each molecule interacts edge-to-face with four of its nearest neighbours giving a total interaction of approximately 5 kcal.mol -1 . This is the same order of magnitude as our estimate of the barrier to surface diffusion along the fccbridge-hcp path. An x-ray crystallographic study of ethynylbenzenes found that EF interactions were present in the molecular crystal of ethynylbenzene but not 1,4-diethynylbenzene or 1,3,5-triethynylbenzene. 31 The latter two being dominated by hydrogen bonding between the ethynyl hydrogen atoms and π-electrons of the triple bond. . Surface adsorption of the free hydrogen is also possible. Although our calculations estimate that deprotonation to yield the final surface bound ethynylbenzene is overall strongly endothermic, in a basic environment this pathway is also feasible. In fact, many metal-ethynylbenzene complexes are synthesised through this mechanism. 21, 22 A more detailed study of the reaction mechanism would require identifying transition states and hence barriers to the various pathways. This is outside the scope of the present work, and is a difficult task using the current computational methods.
Conclusions
Density functional calculations using the generalised gradient approximation for single molecule adsorption of the ethynylbenzene radical on the Au(111) surface show that a strong covalent bond is formed with the surface upon removal of the terminal hydrogen . The latter is calculated to be marginally endothermic by 0.7 kcal.mol -1 , although this energy is likely to be below the overall reliability of the present calculations.
The overall reaction energy for formation of a surface bound ethynylbenzene radical and hydrogen molecules from the isolated molecule is estimated to be of the order of 10 kcal.mol -1 endothermic. By using the accepted value for the proton solvation energy in water the reaction energy via deprotonation is estimated to be of the order of 40 kcal.mol is similar to the expected π−π interaction energy between the molecular tail groups indicating that self-organisation of the adsorbed molecules is likely.
These calculations demonstrate that compounds incorporating the ethynylbenzene moiety offer a promising alternative to thiol compounds for anchoring organic molecules to gold surfaces to form self-assembled monolayers. This linking scheme would have the advantage of being more oxidatively stable offering improved long-term stability of the SAM. Monolayers of double-ended molecules could also be formed without the problems of multiple layer formation associated with dithiol SAMs, particularly aromatic dithiols. In addition, by eliminating the sulphur atom, π−conjugation to the gold surface is unbroken.
We suggest that experimental preparation procedures should be trialed both with and without the inclusion of a base. Although the 1,2 hydrogen shift to yield a vinylidene surface-bound intermediate is a promising candidate pathway, these calculations do not unambiguously determine whether subsequent C-H bond cleavage or deprotonation is more likely. The latter is, however, known to be the case in the synthesis of metal complexes of ethynylbenzene. In any case, it is likely that heating of the solution is required due to the predicted endothermicity of the overall reaction. If indeed a SAM is formed, the molecules are likely to be adsorbed perpendicular to the surface giving a monolayer thickness of 8 Å. The surface structure is likely to be a √3x√3R30 overlayer with the molecules forming a herringbone pattern. Molecules with additional phenyl rings should also be investigated in order to increase the tail-tail interaction that drives selfassembly.
